Purpose The Humerusblock is a minimally invasive device allowing fixation of proximal humeral fractures. A drawback of the device is possible K-wire perforation of the head with the need for early removal of the implant. We assessed the amount of humeral head impaction and its role in the postoperative varus/valgus deviation of the humeral head in fractures of the upper humerus treated with Humerusblock. Methods Fractures were classified according to the CodmanLego system. The length of the posteromedial metaphyseal extension and integrity of medial hinge were measured; metaphyseal comminution was assessed. Accuracy of fracture reduction was classified as excellent to poor. An original method of measurement of amount of postoperative impaction of the humeral head was developed. The impaction and varus/ valgus inclination of the heads were measured comparing postoperative and three-month follow-up radiographs.
Introduction
It has recently been reported that surgical management is needed in 21 % of proximal humeral fractures [1] . However, fixation of these fractures remains challenging, particularly in the presence of multiple fragments, metaphyseal comminution, and severe osteoporosis. Angular stable implants with rigid or semi-rigid fixation of head and shaft were introduced to treat displaced, comminuted fractures, specifically aiming to improve the osteosynthesis in the osteoporotic proximal humerus [2] [3] [4] [5] [6] . However, there is a lack of consensus on the optimal management of these fractures, since the mean reported rate of postoperative complications is 36 % [7] [8] [9] [10] . A survey carried out at 348 hospitals in Germany, Austria and IRB: In light of the Italian law, the authors are not required to have this type of study approved. However, each author certifies that his institution approved the human protocol for this investigation and that all investigations were conducted in conformity with ethical principles of research.
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Switzerland has shown that one of the most common complications of the surgical treatment of proximal humerus fractures is perforation of the articular surface of the humeral head by fixation means or components of the implant, which occurred in 73 % of cases [11] .
The Humerusblock device (Synthes, Oberdorf, Switzerland) enables percutaneous Kirschner-wire (K-wire) fixation of displaced fractures of the proximal humerus [12] . The peculiar features of the device are two 2.5-mm K-wires that are fixed in a cylindrical device applied on the lateral cortex of the humeral diaphysis. The wires are introduced through the cylinder and the lateral cortical bone of the humerus shaft into the humeral head. They are inserted, in the sagittal plane, in divergent directions, very similar to the directions of the humeral load peaks described by Bergmann et al. [13] . According to the latter study, in fact, the load peaks on the humeral head occur in a superomedial direction in the frontal plane and a superoposterior direction in the sagittal plane within a very small range of direction [13] .
Good clinical and radiolographic results were obtained with the Humerusblock in different trauma centres [5, 12, 14, 15] , with limited cases of fixation failure. However, one of the drawbacks of the implant is that perforation of the humeral head by K-wires requires early removal of the implant in 20-40 % of cases [5, 14, 15] . Head perforation is the result of a phenomenon called "controlled impaction" [16] , which is a sintering effect of the fractured humeral head that consistently occurs in the first few weeks after surgery. A similar effect was found also in the factures of the upper humerus treated with locking plates and head screws, which may undergo postoperative impaction resulting in subsidence of the humeral head [17, 18] . Although several authors have described the impaction phenomenon of the humeral head in fractures of the proximal humerus treated with the Humerusblock, in no study was the amount of sintering measured and, thus, no mean, or range of values, are known. However, this information is important since the knowledge of a safe distance between the tip of the hardware and the surface of the humeral head might avoid most perforations of the head.
This study was aimed at assessing the rate and amount of the humeral head impaction, and its influence on the maintenance of the cervico-diaphyseal angle obtained at surgery, and on clinical results in a consecutive series of proximal humerus fractures treated with the Humerusblock device.
Materials and methods
Between March 2011 and January 2013, 46 consecutive displaced proximal humerus fractures were treated with closed or minimally-invasive reduction and ostheosynthesis using the Humerusblock system. The diagnosis and classification of fractures was based on anteroposterior, transthoracic and axillary (when possible) radiographs of the involved shoulder. CT scans were obtained in all cases to better evaluate the fracture pattern and to plan surgery. Fractures were classified according to the Hertel et al. Codman-Lego system (Fig. 1 ) [19] , while the varus/valgus of the upper humerus, and impaction/distraction angulation was assessed as described by Resch [20] . On the basis of the Codman-Lego system, we measured the length of the posteromedial metaphyseal extension (length of calcar attached to the head < or > 8 mm) and the integrity of the medial hinge (calcar dislocation with respect to the diaphysis < or > 2 mm). Metaphyseal comminution was also assessed.
Postoperatively, a perpendicular anteroposterior (1.2-m distance from X-ray source from the shoulder with a beam magnification of 10 %) and an axillary radiograph (10 % of beam magnification) were obtained. Fracture stability at the end of surgery was consistently evaluated by testing abduction with external and internal rotation of the arm under fluoroscopy (Video). On radiographs, the accuracy of fracture reduction was assessed following the criteria of Bahrs et al. [21] , i.e. (i) greater tuberosity with a side-to-side difference distance <5 mm, (ii) no excessive varus or valgus (±15°) of the head fragment on the anteroposterior view and (iii) no increased retro-or antetorsion (±15°) on the axillary view. To evaluate the quality of the reduction, a score 0 was assigned if all three criteria were satisfied (excellent) and a score 1 was given if two of the three criteria were met (good), while a score 2 (fair) Fig. 1 The binary system (LEGO system) developed by Hertel et al. [19] represents the four parts of the proximal humerus (head, greater tuberosity, lesser tuberosity, shaft) using the LEGO blocks. The absence of a bond between any of the four parts locates the fracture plane. or 3 (poor) were assigned if one or no criteria, respectively, were satisfied. The same criteria were used to classify the accuracy of reduction at the final follow-up (12 months).
Operative and postoperative treatment
After applying the Humerusblock according to the technique of Resch [12] , reduction of displaced fractures by manipulation was consistently attempted. When we did not succeed, the varus/valgus deviation of the humeral head was corrected using a blunt elevator introduced percutaneously to push the head as much as possible laterally or medially (Fig. 2) . Reduction of the greater tuberosity was carried out with a hook to grasp the cuff tendons and relocate the tuberosity in the correct position. Fixation of tuberosity, when necessary, was achieved with one cannulated screw introduced with a craniocaudal and lateromedial direction as far as to transfix the uppermost medial cortex of the humeral diaphysis.
After surgery, a sling was applied with the arm in internal rotation for two weeks. Then, pendulum exercises and passive assisted exercises were begun. Active exercises were allowed at four weeks after surgery.
Assessment of sintering and varus/valgus inclination of humeral head
All images were examined on diagnostic quality liquid crystal display monitors using DICOM (Digital Imaging and Communication in Medicine) compliant grading software (IMPACS Web 1000; Agfa, Mortsel, Belgium).
To evaluate the sintering, an accurate true perpendicular anteroposterior radiograph (1.2-m distance from X-ray source from the shoulder with a beam magnification of 10 %) of the shoulder was obtained in the operating room immediately after surgery with the patient still under general anaesthesia. On this radiograph, the distance between the tip of the most cranial K-wire and the humeral articular surface was calculated and noted by tracing a line in continuation with that K-wire (Fig. 3) . Since the Humerusblock has a width (lateral-tomedial) of 12 mm, the following proportion was made: [Measured width of the Humerusblock (mm): 12 mm (real width of the Humerusblock in mm) = Measured distance (mm) of the K-wire tip from the articular surface: X]. We thus obtained the distance in millimetres (X) from the tip of the most cranial K-wire to the humeral articular surface on the anteroposterior view. The same measurement was performed Fig. 2 The operative steps to implant the Humerusblock. a The block is fixed to the proximal third of the humeral diaphysis with a cannulated 4-mm screw. b The two 2.5-mm K-wires passing through the block are pulled to the fracture line. c The varus/valgus deviation of the humeral head is corrected using a blunt elevator introduced percutaneously to push the head as much as possible laterally or medially. d The Kwires are pulled to the subchondral bone three months after surgery or when we had to remove the Humerusblock, which was carried out when radiographs showed fracture healing and, in any case, never before eight weeks. By comparing the measurements made on the immediate postoperative and the three-month follow-up radiographs (carried out with the same technique by the same radiologist), the degree of head impaction was assessed.
The cervico-diaphyseal angle was assessed according to Hertel et al. [22] , by measuring, on the perpendicular anteroposterior radiograph, the angle formed by the intersection of the axis of the proximal humerus and the line perpendicular to the anatomic neck. An angle of 130-140°was considered to correspond to an adequate fracture reduction. Then, a radiograph at 12-month follow-up was done to assess final varus/valgus deviation.
Clinical evaluation of patients was done using the Constant score [23] method at six-and 12-month follow-up.
Statistical analysis
According to a minimal clinically important difference estimate of 10.4 points in patients undergoing rotator cuff surgery [24] , the power calculation detected a significant difference in total Constant score of 60 at six months and 70.4 at 12-months follow-up with an SD of 12, assuming a two-tailed α value of 0.05 (sensitivity 95 %) and a β value of 0.95 (study power 95 %); we determined that at least 20 patients were required at follow-up evaluation (G power3 power analysis program).
A separate investigator collected the data, and the statistical analysis was then performed with SPSS software, version 16.0 (SPSS, Chicago, IL).
X-ray images were studied and interpreted by three orthopaedic surgeons with different skills in shoulder surgery (senior and expert surgeon; assistant to shoulder surgery; resident with particular interest in shoulder surgery) three times per examiner. The intra-and inter-observer agreement was determined using the κ statistic, with the level of significance set a priori at P<0.01. Interpretation of the κ statistic was performed as described by Landis and Koch in 1977. Agreement was considered excellent if κ fell between 0.81 and 1.0, high if κ was between 0.61 and 0.80, moderate if κ was 0.41 to 0.60, fair if κ was 0.21 to 0.40, and poor if κ was 0.20 or less [25] .
The Fisher's exact test was used to compare the proportions and the Student t-test for average values. P-values <0.05 were deemed to be statistically significant.
Potential correlations between independent preoperative variables (age, sex, Codman-Lego classification, varus/ valgus inclination, flexion/extension of the head with respect to the diaphysis, length of calcar attached to the head > or < of 8 mm, calcar dislocation with respect to the diaphysis < or > 2 mm, metaphyseal comminution), postoperative variable (additional screw beyond the Humerusblock, initial distance of the K-wire from the articular surface, accuracy of fracture reduction, Constant score) and amount of head impaction were calculated with the Spearman's correlation coefficient. The ANOVA method was used to assess differences in the cervico-diaphyseal angle between immediate postoperative and final follow-up radiographs. The nominal and ordinal variables were summarized as percentages.
Results
Forty-three fractures were available for the study since three patients were lost at the final follow-up. There were 36 females and seven males, with a mean age of 69.9 years (range 29-88) at the time of injury. The dominant side was involved in 33 cases. Fracture patterns are reported in Table 1 . A Humerusblock device without additional hardware was applied in 21 cases (48.9 %). In the remaining patients, fixation of the greater tuberosity was performed with one cannulated screw in 22 cases (51.1 %). The mean operative time was Fracture reduction was excellent in 22 cases (51.16 %) (Fig. 3) , good in 13 (30.23 %) (Fig. 4) , fair in five (11.62 %) (Fig. 5 ) and poor in three (6.97 %).
The mean initial post-operative distance of the most cranial K-wire to the articular surface was 3.1 mm (range, 0-5, SD 2.8).
The mean sintering of the humeral head was 3.9 mm (range 0-8 mm, SD 3.5). The amount of impaction was correlated to the patient's age (p=0.02) and sex (p=0.031), with the degree of sintering higher in patients older than 50 years and in females. A correlation was also found with the CodmanLego classification [19] , the greatest sintering being found in type 12 (p=0.04) and type 7 (p=0.049) fractures, with varus impacted (p=0.048), and varus disrupted (p=0.039) fractures and, particularly, with the fractures exhibiting metaphyseal comminution (six cases, 13.95 %) (Fig. 5) , which showed by far the highest amount of sintering (with a mean of 6.5 mm, p<0.001). Other fracture patterns did not reach statistically significant differences ( Table 2 ). The use of additional screws beyond the Humerusblock, the initial distance of the K-wire from the articular surface (with a maximum of 5 mm) and accuracy of fracture reduction did not reach statistically significant differences.
The postoperative cervico-diaphyseal angle ranged from 130°to 140°in 35 cases (81.39 %), with residual valgus or varus inclination in five and three cases, respectively, the mean angle being 134°(range, 115-145°, SD 7). At 12-month follow-up, the cervico-diaphyseal angle was 130-140°in 31 cases (72.09 %, p=0.058), with loss of reduction of less than 10°in four patients (9 %), in two of whom in varus and in the other two in valgus. Each of the four patients with loss of reduction had metaphyseal comminution.
The Humerusblock was removed in 18 cases (41.8 %) because of K-wires perforation of the humeral head. In only one case, the block of the device caused local discomfort and was removed. All fractures appeared to be healed after eight weeks of surgery. The radiographic result at the latest follow-up was excellent in 20 (46.5 %), good in 13 (30.2 %), fair in six (13.9 %), poor in four (9.3 %) cases. At six-month follow-up, the mean Constant score was 60 (48-75, SD ±11), while at 12-month follow-up it was 73 (60-95, SD ±12) (p=0.031). A negative statistically significant correlation was found between amount of sintering and Constant score both at six-(p=0.032) and 12-(p=0.047) month follow-up.
Discussion
Fractures of the proximal humerus may undergo proximodistal impaction of the humeral head with possible loss of reduction after surgical fixation, particularly in osteoporotic patients. This has previously been described by Gardner et al. [17] and Soldberg et al. [18] in factures treated with locking plates and multiple humeral head screws. However, in contrast to locking plates, the K-wires locked into the Humerusblock follow the direction of the load peaks on the humeral head, thus allowing a controlled impaction while keeping the inclination of the head with respect to the diaphysis in a range of 132-142°, which is the anatomic range of the cervicodiaphyseal angle [22] .
In our patients, the mean initial post-operative distance of the most cranial K-wire to the articular surface was 3.1 mm, with a maximum of 5 mm, and mean impaction of the humeral head was 3.9 mm. The satisfactory fracture reduction (excellent or good), obtained in 81 % of patients at surgery, was maintained in 90 % of those patients. Overall, only 9 % of cases had a loss of reduction, of less than 10°, and each of these cases showed metaphyseal comminution. These results demonstrate that the Humerusblock is a valuable device for fixing proximal humerus fractures, being also a minimallyinvasive tool that requires a limited surgical and fluoroscopy time, but it is not able to control fracture impaction and reduction in case of metaphyseal comminution. The main drawback of the device is the so-called "sintering effect" [16] , since a considerable fragment impaction may lead to early implant removal due to humeral head perforation by Kwires, a complication that occurred in 41 % of our cases. This figure is similar to those found in the previously reported studies. Bogner et al. [5] , who operated on 48 patients aged 70 years or more, had K-wire perforation of the humeral head in 25 % of cases. Of the 34 patients of Vundenlinckx et al. [14] , seven underwent early perforation by one or two K-wires (20.58 %). Brunner et al. [15] had to remove the implant prematurely in 40 % of cases. Recently, an alternative method has been proposed to avoid the need of implant removal, which does not provide the use of the block and of the Kwire [26] ; on the other hand, we believe that the proposed method is not suitable for displaced fracture, as we had in our 46 cases. Pre-operatively, it is important to inform patients about the possible sintering, its negative effect on final result and about the possible need of a prompt removal, especially in those cases having the risk factors for sintering. Fracture exhibiting metaphyseal comminution should not be treated with the Humerusblock because of high sintering amount with secondary loss of reduction and fair final clinical results. In no study reporting on the postoperative impaction in fractures of the upper humerus, a method of measuring the sintering effect has been described. Using DICOM imaging software, we conceived a method to determine the distance from the tip of the most cranial K-wire to the cortical bone of the humeral head, which may allow the safe distance for the introduction of the wire in the humeral head to be determined. However, the measurements are done on a perpendicular anteroposterior radiograph of a structure, such as the humeral head, that is semispherical and retroverted. Hence, to obtain the real distance from the tip of the K-wires to the articular surface, we would have to perform a CT scan immediately after surgery and at each follow-up, but this was not done due to ethical reasons. Nonetheless, the 12-mm width of the block represents a reference for a reliable measurement of impaction by means of a simple ratio. However, based on our measurements, it is conceivable that a maximum distance of 5 mm may be considered a safe distance between the tip of the Kwire and the surface of the humeral head. Assuming such maximum distance, it is likely that the majority of perforations of the head would not occur and it should be good enough to have a satisfactory grip on the subcondral bone of the humeral head. Unfortunately, it is not possible, at surgery, to measure exactly this safe distance on the screen of the amplioscope due to the magnification of the anatomical images. However, since 5 mm represent 41 % of the width of the metallic block fixed to the humeral diaphysis as seen on the anteroposterior view, such distance can be calculated with close approximation, using the block as a reference to adjust all measurements.
When using the Humerusblock (alone or with additional hardware) or other similar devices [27] , reduction of the fracture is made with closed manoeuvres or minimally invasive tools. Thus, it may be even very difficult to restore the anatomy of the proximal humerus. The reported relative contraindications for closed reduction are severe osteoporosis, tuberosity comminution, medial calcar comminution or irreducible head-calcar displacement resulting in varus position of the head, displaced four-part fractures and non-acute fractures (>14 days) [28] . In this study, we report on 43 patients, most of whom had relative contraindications. Nevertheless, excellent or good reductions based on the criteria of Bahrs et al. [21] were obtained in 81 % of cases, a figure which compares well with the results of other authors [5] . The use of the screw for the tuberosity did not influence amount of impaction. The patients with the greatest sintering (up to 8 mm) and partial loss of reduction were females in older age and those with a high number of fragments, and, especially, with metaphyseal comminution. The latter condition was particularly challenging when the calcar appeared completely separated from the head and the diaphysis. This condition has been called "the fifth fragment", and it should be considered as an additional unfavourable factor for reduction and fracture stability [29] . These cases, which were found to be the most unstable, more prone to severe sintering and with fair clinical results, should not be selected for minimally invasive fixation.
Humeral head post-traumatic avascular necrosis is a relevant issue in treatment of proximal humerus fracture. Due to the short time of follow-up of this study, we could not assess the rate of this complication. As Gerber et al. [30] stated, we believe that in case of avascular necrosis, it is the deformity rather than necrosis that causes disability. Therefore, the risk of avascular necrosis does not influence our decision making in terms of treatment. In addition, the minimally-invasive approach to implant the Humersublock device preserves the remaining vascular supply, with reported limited cases (5 %-10 %) of avascular necrosis in longer-term follow-up studies [5, 12, 14, 15] . This study has potential limitations that need to be assessed. First, the measurements are made on a plane antero-posterior radiograph with possible implant error positioning; also, there is possible unpredictable position of the Kwire from the articular surface in the antero-posterior view, due to implant positioning, to the semi-spherical anatomy of the proximal humerus and to the retrotorsion of the humeral head [22] . To obtain the real distance, we would have performed CT scans at each control, which is not possible in clinical and ethical practice. In any case, the width of the block of 12 mm represents a reference to adjust all measurements, with a reproducible quantification of the measured impaction by mean of a simple ratio. A further and related limitation is that it is difficult to obtain exactly the same antero-posterior view at different controls, even if obtained by the same technique and radiologist, and with three different researchers calculating the distances three times each, with possible modifications of the measurements. Again, it can be adjusted according to the use of the above reported ratio. Another limitation is the three-month follow-up for calculating sintering, because about 40 % of the Humerusblock was removed at that time. Anyway, varus/valgus deviation and clinical results were obtained at one-year of follow-up, which seems to be a reasonable time to correlate clinical results and impaction of the head, which occurs in the first weeks after surgery.
Conclusions
Postoperative impaction of the humeral head may allow the Kwires of the Humerusblock to perforate the cortex of the head, which occurred in 41 % of our patients, who needed prompt removal of the implant. An original method was used to calculate the amount of postoperative impaction of the head, which was 3.9 mm on average. A maximum distance of 5 mm between the tip of the most cranial K-wire and the cortex of the humeral head is probably safe enough as to avoid perforation of the head in most patients treated with the Humerusblock without predisposing to post-operative loss of reduction. The sintering effect varied considerably depending on the patient's age and sex, fracture pattern according to the Codman-Lego classification system, varus/valgus deviation of the head and, particularly, metaphyseal comminution. Calcar separation from head and diaphysis should be carefully evaluated pre-operatively because it negatively affects fracture reduction and fixation, and it favours impaction of the humeral head with poorer clinical results. Pre-operatively, it is important to inform patients about the possible impaction of the head and about the possible need for a prompt removal, especially in those cases having the risk factors for sintering.
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